[1] Contaminant migration through the vadose zone may be influenced by the presence of mineral colloids that are mobilized during infiltration events. In this work, we report model calculations and experimental data on the role of pore water ionic strength in the transport of silica colloids through water-saturated and unsaturated porous media. The transport model solves the advection-dispersion equation, together with kinetics equations for straining, air-water interface capture, and mineral-grain attachment. Parameters for airwater and solid-water interfacial area required by the transport model are derived through the application of a published liquid-vapor configuration model that accounts for dualphase (i.e., air and water) occupancy of pore spaces. Comparison of experimental and modeled results reveals that the dominant colloid-immobilization mechanism transitions from straining, to air-water interface capture, and finally, to mineral-grain attachment as the ionic strength increases from 2 Â 10 À4 M to 0.2 M. The results of this research provide a basic framework for interpreting how interactions between moisture content and pore water chemistry affect colloid mobility in the vadose zone. 
Introduction
[2] Adsorptive interactions with mineral colloids may stabilize vadose-zone contaminants in the mobile phase of the pore water during infiltration events, thereby increasing contaminant fluxes across the water table and into groundwater [Vinten et al., 1983; de Jonge et al., 1998; Sprague et al., 2000] . The potential for colloids to facilitate vadosezone contaminant transport has catalyzed interest in colloid movement in unsaturated porous media [Kaplan et al., 1993; Ryan et al., 1998; El-Farhan et al., 2000; Gamerdinger and Kaplan, 2001 ]. An unsaturated porous medium can be conceptualized as a three-phase system, consisting of water, air, and mineral grains [Bear, 1972] . Colloids are transmitted through the water-filled sections of a three-phase system by advection and dispersion and are susceptible to removal from the pore water by rate-limited deposition reactions at air-water and solid-water interfaces [Schafer et al., 1998; Jewett et al., 1999; Chu et al., 2001; Lenhart and Saiers, 2002] . Accurate quantitation of this transport relies on linking models for water configuration in variably saturated porous media with physically based models for colloid mass transport and mass transfer.
[3] Traditional conceptualizations of water configuration in partially saturated media represent the pores as a bundle of cylindrical capillary tubes, which are either completely water filled or completely empty, depending on the capillary tube radius and the pressure head [Burdine, 1953; Gardner, 1958; Millington and Quirk, 1959; Mualem, 1976] . Recent evidence suggests, however, that hydraulic connectivity is provided not only by water-filled pores, but also by liquidfilled corners of partially saturated angular pores and by thin films of adsorbed water that surround the mineral grains . Mathematical models based on this more realistic conceptualization can quantify the contributions of corner-water ducts, adsorbed films, and water-filled pores to sample-scale saturation, as well as predict the responses of air-water interfacial area and flow-conduit dimensions to changes in capillary pressure Tuller and Or, 2001] .
[4] The configuration of water within variably saturated pore spaces determines the mechanisms of colloid interactions with air-water and solid-water interfaces. Three mechanisms have been identified as important in immobilizing colloids in unsaturated media: film straining, air-water interface capture, and mineral-grain attachment [Wan and Wilson, 1994; Corapcioglu and Choi, 1996; Wan and Tokunaga, 1997; Gamerdinger and Kaplan, 2001] . While mineral-grain attachment has been examined extensively in studies of colloid transport through water-saturated packed beds [Tobiason and O'Melia, 1988; Song and Elimelech, 1993; Kretschmar et al., 1997; Saiers and Hornberger, 1999] , film straining and air-water interface capture have received comparatively little attention. Film straining occurs in partially filled pore spaces under conditions in which the dimensions of the colloids exceed those of the corner-water ducts or adsorbed-water films that serve as potential transport pathways. Unlike straining, air-water interface capture does not arise from constrictions in pore water pathways, but occurs when a colloid traveling freely through a thick conduit of water (e.g., large corner-water duct) strikes an insular air bubble and is retained by electrostatic forces near the interface or is retained by capillary forces after piercing the interface [Wan and Wilson, 1994; Wan and Tokunaga, 2002] .
[5] The mass-transfer processes that remove colloids from the pore water are sensitive to a variety of system properties, including flow rate, moisture content, colloid diameter, and pore water chemistry. In previous work, we examined the relationship between colloid mass-transfer kinetics and the moisture content of the porous medium [Lenhart and Saiers, 2002] . The objective of this research is to explore the effects of changes in pore water chemistry on colloid immobilization within unsaturated media. We measured silica-colloid transport at six pore water ionic strengths (2 Â 10 À4 , 1 Â 10
À3
, 0.01, 0.04, 0.1, and 0.2 M) in column experiments conducted under water-saturated conditions and at a water saturation (S w ) of 0.355. (S w expresses the ratio of volumetric moisture content to porosity.) We compared the data from these experiments to calculations of a transport model, which uses information on air-phase geometry derived from the liquid-retention model of Or and to compute rate-limited colloid mass transfer. The results of the model-data comparisons reveal how straining, air-water interface capture, and mineral-grain attachment combine to influence colloid transport in unsaturated media and provide estimates on how the kinetics of each of these mass-transfer processes responds to changes in ionic strength.
Experimental Methods
[6] Suspensions of silica colloids were prepared by diluting a concentrated stock suspension (MP-3040, Nissan Chemical Industries, Ltd.) with an electrolyte solution consisting of 1.6 Â 10 À4 M NaHCO 3 and enough NaCl to raise the ionic strength to 2 Â 10 À4 , 1 Â 10
À3
, 0.01, 0.04, 0.1, or 0.2 M. The silica-colloid concentration in the suspensions used for the column experiments equaled 100 mg/L (3.75 Â 10 12 colloids/L), which lies within the range of colloid concentrations measured in vadose-zone environments [e.g., Kaplan et al., 1993; Ryan et al., 1998; El-Farhan et al., 2000] . The pH of the suspensions equaled 7.3. Results of standard jar-test experiments conducted for a period of 6 hours at ionic strengths of 0.01, 0.04, 0.1, and 0.2 M showed that the silica colloids remained stable in suspension for the duration of the tests. Particle-size and electrophoretic mobility of the colloids were measured 1 hour after aliquots of the 100-mg/L suspensions were diluted to a concentration of 20 mg/L with ionic-strength adjusted electrolyte solution. Analysis of the suspensions by photon correlation spectroscopy (ZetaPALs Analyzer, Brookhaven Instruments) demonstrated that the mean particle size was independent of ionic strength and equal to 282 ± 7 nm. The zeta potential of the colloids in these samples was calculated from their electrophoretic mobility (Table 1) , which was measured by phase-analysis light scattering (ZetaPALS, Brookhaven Instruments).
[7] Quartz sand with a diameter from 300 to 355 mm was used as the porous medium. The sand was cleaned with HNO 3 , NaOH, and deionized water (according to the procedures described by Lenhart and Saiers [2002] ) to remove coatings of metal oxides and trace organics. The surface-charge properties of the sand were estimated from measurements made on colloid-sized quartz particles. Quartz colloids were suspended by placing a mixture of 400 g cleaned sand and 600 mL of 1.6 Â 10 À4 M NaHCO 3 in an ultrasonic bath for 30 min. Aliquots of the quartz-colloid suspensions were filtered through a 0.45 mM membrane filter, amended with the appropriate mass of NaCl (to match the NaCl concentrations employed in the column experiments), and analyzed for electrophoretic mobility by phaseanalysis light scattering (Table 1) .
[8] Lenhart and Saiers [2002] describe the column construction and instrumentation in detail; we summarize that description here. For each experiment, fresh sand was wet packed in an acrylic column measuring 12.7 cm in diameter and 32.8 cm in length. Moisture probes for measuring S w (ML2x Thetaprobe, Delta-T Devices Ltd.) and tensiometers (consisting of ceramic cups connected to differential microtransducers (26PCAFA6D, Honeywell/Microswitch)) for measuring capillary pressure were inserted at 7.7, 16.4, and 25.1 cm from the top of the column. Data from the moisture probes and tensiometers were collected continuously using a datalogger (DL2e, Delta-T Devices, Ltd.). Peristaltic pumps (Cole-Parmer Instrument Co.) at the inflow (top) and outflow (bottom) ends of the column regulated the flow of water in experiments with unsaturated sand; one peristaltic pump, located at the outflow end, controlled the flow of water in experiments with saturated sand.
[9] We measured the water-retention characteristics of the sand pack by slowly draining an initially saturated column toward its residual water saturation, while monitoring capillary pressure head (Ψ) and S w simultaneously. The moisture probes and tensiometers were positioned at three equal elevations along the column, so the drainage experiment produced three water-retention curves (i.e. plots of S w versus Ψ). The sand-bed porosity (n), computed from measurements of saturated pore volume made on the column prior to drainage, equaled 0.335.
[10] Preparation for each unsaturated transport experiment involved draining the sand column to S w = 0.355 (Ψ = À28.5 cm) by elevating the outflow rate 70 cm 3 /h above the inflow rate. A colloid-free water adjusted for ionic strength with NaCl was used as the influent solution during this drainage step. Approximately 12 hours were required to achieve the target S w , whereupon a unit hydraulic gradient (i.e., dh t /dz = 1, where h t is the total hydraulic head and z is elevation) and uniform S w (i.e., dS w /dz = 0) were maintained by equalizing the inflow and outflow rates. The average linear pore water velocity (v) under steady and uniform flow equaled 0.66 cm min À1 .
[11] Once the effluent pH stabilized at the influent pH (i.e., 7.3), the experiment was initiated by applying a 100-mg/L colloid suspension (with the same ionic strength as the colloid-free equilibrating water) to the top of the column. Water samples were collected at regular intervals from the column base and analyzed for colloid concentrations by measuring the total extinction of light at a wavelength of 350 nm with a UV-visible spectrophotometer (DU 520, Beckman) . Following application of a 5.9-hour (7.1-pore volume) colloid pulse, a colloid-free electrolyte solution was directed into the column until effluent colloid concentrations approached baseline levels.
[12] The transport experiments in saturated media were conducted like the unsaturated experiments, except the initial step of sand-pack draining was omitted. The colloid concentration in the input pulse (100 mg/L), the duration of pulse application (5.9 hours), and v (0.66 cm min
À1
) were the same for both types of experiments. Because v was identical in both types of experiments, the colloid flux into the columns (expressed as vnS w C 0 , where C 0 is the influent colloid concentration) was 2.8 times greater in the saturated experiments than in the unsaturated experiments.
3. Theory 3.1. Overview
[13] The colloid transport model solves the advectiondispersion equation, together with kinetics equations for straining, air-water interface capture, and mineral-grain attachment. Solution of the coupled equations for transport and mass transfer requires estimates of air-water interfacial area and solid-water interfacial area, which we obtain by employing a simplified version of the liquid-vapor configuration model of Tuller et al. [1999] . We summarize the principal features of the liquid-vapor configuration model before presenting the equations for colloid transport. Tuller et al. [1999] represent the geometry of natural (angular) pore spaces with an elementary unit cell, composed of a large polygon-shaped central pore, where capillary processes dominate, connected to slit-shaped spaces, where adsorptive forces dominate (Figure 1 ). The central pore can assume the shape of any regular polygon. In order to best approximate the water-retention properties of our sand, we follow the recommendations of Or and and assign a triangular shape to the central pore. The porous medium used in our study (well-sorted, semispherical sand grains) lacks flat (platy) minerals that form slitshaped pore spaces. These porous-medium characteristics are consistent with a simplified version of the unit cell, made up of a triangular central pore of length L, with the slit-shaped spaces removed (Figure 2a) . We employ such a unit cell in this work.
[15] The degree of water saturation of the unit cell (S w ) depends on the capillary pressure head (Ψ). During the drainage process, the unit cell remains completely saturated (i.e., S w = 1) until Ψ declines to a critical value and water drains spontaneously from the pore (pore snap-off). The critical Ψ for snap-off during drainage of a triangular pore is expressed by where g is the surface tension at the air-water interface (dyn cm À1 ), r is the density of water (g/cm 3 ), and g is the gravitational acceleration (cm/s 2 ). At Ψ = Ψ 1 , the airwater interface within the pore forms an inscribed circle ( Figure 2b) , with a radius of curvature given by the LaplaceYoung relationship
The magnitude of r(Ψ) declines as Ψ falls below Ψ 1 , such that the menisci of adjacent corners disconnect and become progressively farther separated by films of adsorbed water ( Figure 2c ). The thickness of the adsorbed-water films that line the pore varies with Ψ according to
where H svl is the Hamaker constant for solid-vapor interaction through water (erg).
Statistical Representation of Column-Scale Variation in Unit-Cell Dimensions
[16] We account for the range of pore sizes present within our laboratory sand columns by treating the pore length (L) in the liquid-vapor configuration model as a continuously distributed random variable. Or and describe the distribution in L with a gamma-density function; however, we find that the water-retention characteristics of our quartz sand (i.e., data on the nonlinear relationship between S w and Ψ) are better described if a normal-density function is used in place of the gamma-density function to represent the pore-size distribution. The normal density function for the pore length,
where m (cm) and s (cm) are the mean and standard deviation of L, respectively. Given that capillary pressure head for pore snap-off depends on L, this statistical treatment of the variation in pore dimensions leads to a distribution of pore filling stages within the sand pack.
Calculation of Liquid Retention
[17] The effect of changes in capillary pressure head on the water saturation of a porous medium characterized by a distribution in pore sizes equals the sum of three terms related to the expected values of three distinct unit-cell filling stages [Tuller and Or, 2001] :
where S w1 expresses the contributions of water-filled pores to sample-scale saturation, S w2 accounts for water within adsorbed films after pore snap-off, and S w3 represents the contribution of water held by capillary forces within the pore corners. The component saturations (i.e., S w1 , S w2 , and S w3 ) as functions of Ψ can be calculated with the integral equations shown in Figure 3 , given values of m, s, and the air-entry pressure head (Ψ ae ).
[18] We estimated the governing parameters of the liquid-vapor configuration model by fitting solutions of equation (5) to data on the water-retention characteristics of our quartz sand. The inversion involved minimizing an objective function, constrained by the sum-of-the-squared residuals between measured and modeled water saturations, sand-grain surface area, and the tails of the pore-length distribution :
where S w i is the ith model-calculated water saturation of the water-retention curve, S obs i is the corresponding observed value, ND is the number of measurements on the waterretention curve, SA is the sand-grain surface area (per total volume) computed by the liquid-vapor configuration model (see SA in Figure 3 ), SA 0 is an independent estimate of sandgrain surface area, calculated assuming smooth, spherical sand grains, and L min and L max are (as specified in Figure 3 ) the minimum and maximum pore lengths, respectively.
Relationships Between Interfacial Area and Water Saturation
[19] The parameter values estimated from the waterretention data can be used to calculate the relationship between liquid-vapor interfacial area and Ψ. The total liquid-vapor interfacial area per unit void volume (A lvT ) is given as the sum of two terms [Tuller and Or, 2001] :
where A lv1 is the liquid-vapor interfacial area associated with adsorbed films in unsaturated pores and A lv2 is the liquidvapor interfacial area associated with corner menisci of the pores. The integral equations for calculating A lv1 and A lv2 are similar in form to those for S w1 , S w2 , and S w3 (Figure 3 ). While equation (7) expresses interfacial area as a function of Ψ, the S w -Ψ relationship given by equation (5) can be used to convert A lv1 and A lv2 to functions of S w . [20] We use the calculations of A lv1 and A lv2 , and SA in coordination with information on the dimensions of the adsorbed films to estimate the solid-water and air-water interfacial areas that are accessible to colloids. Calculations with equation (3) demonstrate that the thickness of the adsorbed films lining unsaturated pore spaces equal 10 nm for our experiments in which Ψ = À28.5 cm. Film thickness (h) increases as Ψ approaches zero, but even at Ψ = À1 cm, h is still less than 32 nm. Because the adsorbed film thicknesses is more than an order of magnitude less than the colloid diameter (282 nm), we assume that colloids are incapable of entering the adsorbed films and that colloid transport is restricted to water-saturated pores, as well as corner-water ducts of partially filled pores. According to this conceptualization of the transport pathways, the colloidaccessible air-water interfacial area ( f air ) is equivalent to A lv2 , which quantifies the interfacial area associated with the menisci of pore corners. Given that the colloids cannot sample the films, the colloid-accessible solid-water interfacial area ( f sand ) is expressed as the total sand-grain surface area minus the portion of sand grain-surface area covered by the thin-film interfaces:
where the sand-grain surface area per unit void volume is expressed by the ratio of sand-grain surface area per total volume (SA) to porosity (n).
Colloid Transport Model 3.3.1. Governing Equations
[21] The one-dimensional form of the advection-dispersion equation describes the transport of silica colloids through the sand columns:
where C is pore water colloid concentration (mg mL À1 ), À STR , À AWI , and À SWI , are immobile-phase colloid concentrations, t is time (min), a c is colloid radius (cm), r c is colloid density (g mL À1 ), f air is colloid-accessible air-water interfacial area per unit void volume (cm À1 ), f sand is colloidaccessible solid-water interfacial area per unit void volume (cm À1 ), A L is the longitudinal dispersivity (cm), v is the average pore water velocity (cm min À1 ), and z is the coordinate parallel to flow (cm). The concentration of strained colloids (À STR ) is expressed in terms of colloid mass per volume of pore water, while À AWI and À SWI are expressed in terms of normalized surface coverages, such that À AWI is the fraction of the colloid-accessible air-water interface covered by captured colloids and À SWI is the fraction of colloid-accessible sand surface covered by attached colloids. Equation (9) is coupled with kinetics expressions for straining, air-water interface capture, and mineral-grain attachment.
[22] Straining occurs within portions of mobile-water conduits that are too narrow to permit the colloids to pass. We hypothesize that silica colloids (which are too large to access adsorbed-water films) are strained in narrow wedges near the three-phase contacts of pore-corner menisci, and perhaps, at the termini of discontinuous pore water ducts. In accordance with published studies [Wan and Tokunaga, 1997; Lenhart and Saiers, 2002] , we quantify straining with an equation for an irreversible, first-order kinetics reaction:
where k STR , the rate coefficient for colloid straining (min
À1
), increases as pore water velocity (v) and colloid radius (a c ) increase and as the porous medium dries [Wan and Tokunaga, 1997] .
[23] Colloids traveling within relatively large water channels (e.g., corner-water ducts) may diffuse to the air-water interface where they can be retained by electrostatic or capillary forces. We assume that the rate of colloid capture at air-water interfaces varies with pore water colloid concentration (C ) and fractional surface coverage (À AWI ) and that the release of colloids from the air-water interface is negligible under steady flow and chemistry [Corapcioglu and Choi, 1996; Lenhart and Saiers, 2002] :
where k AWI is a rate coefficient for air-water interface capture (min
) and h AWI is a blocking function. The blocking function declines linearly as À AWI increases:
where l AWI is an excluded area parameter, equivalent to the ratio of blocked colloid-accessible air-water interfacial area to projected cross-sectional area of the colloid [Johnson and Elimelech, 1995] .
[24] Studies in water-saturated packed beds demonstrate that intragrain heterogeneity leads to nonuniformity in the kinetics of colloid attachment to the mineral grains [Johnson et al., 1996] . We adopt the two-site formulation that Saiers [2002] proposed for modeling the deposition of clay colloids onto quartz sand. The model incorporates a second-order, reversible rate law that accounts for blocking to quantify colloid deposition at type-1 sites and a firstorder irreversible rate law to quantify colloid deposition at type-2 sites:
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where the subscripts 1 and 2 refer to type-1 and type-2 sites, respectively, k SWI is a rate coefficient for colloid deposition onto the mineral grains, k R 1 is a rate coefficient for colloid release from type-1 sites of the mineral grains, and l SWI 1 is an excluded area parameter, equivalent to the ratio of blocked colloid-accessible solid-water interfacial area to projected cross-sectional area of the colloid.
[25] We hypothesize that equations (9) -(12d), with unknowns C, À AWI À STR , À SWI 1, and À SWI 2 , are suitable for quantifying silica-colloid transport through the partially saturated sand columns. For the case of colloid transport through saturated sand, the set of equations are simplified by omitting equations (10) -(11b) for film straining and airwater interface capture. We solved the partial differential equations numerically using a predictor-corrector finite difference scheme for a first-type inlet boundary condition, a zero gradient in pore water colloid concentrations at the column base, and zero initial concentrations.
Parameter Estimation
[26] Simulation of silica-colloid transport requires specification of several parameters, including the average pore water velocity (v), longitudinal dispersivity (A L ), and colloidaccessible interfacial areas ( f air and f sand ). We calculated v from measurements of column discharge rate and, based on inverse analysis of data on bromide transport, set A L to 0.25 cm and 0.65 cm for the saturated and unsaturated sand, respectively. Both f air and f sand were determined through application of the liquid-vapor configuration model (see sections 3.2.3 and 3.2.4).
[27] Estimates of the colloid-sand interaction parameters (k SWI 1 , k SWI 2 , k R1 , and l SWI 1 ) appropriate for water-saturated conditions were obtained by fitting solutions of equations (9) and (12a) -(12d) to the colloid breakthrough data measured in experiments conducted at S w = 1. The best fit values of k R 1 (the colloid-release rate coefficient) and l SWI 1 (the excluded-area parameter) were used without further adjustment to describe colloid mass transfer in the unsaturated experiments. This treatment reflects our expectations that k R 1 and l SWI 1 are insensitive to changes in S w , provided that the average pore water velocity remains constant.
[28] Values of the deposition coefficients (k SWI 1 and k SWI 2 ) determined from the saturated experiments cannot be transferred directly to the unsaturated experiments. The deposition coefficients vary with the solid-to-water ratio and depend on the magnitude of the sticking efficiency (a), which quantifies the probability that a colloid-grain collision will succeed in attachment, and the single-collector efficiency (h), which quantifies the rate at which colloids strike the mineral-grain surface [Logan et al., 1995] :
where the subscript i refers to site type, k SWI i and h are expressed as functions of S w , m is the fluid viscosity, d is the mineral-grain diameter, d p is the silica-colloid diameter, k is the Boltzmann constant, and T is temperature. The sticking efficiency accounts for chemical effects on colloid deposition and is independent of S w , while h accounts for physical effects and is likely sensitive to S w -dependent changes in pore water-conduit geometry.
[29] In order to accommodate the influences that variation in S w has on mineral-grain attachment rates, we recomputed k SWI i for the unsaturated experiments. We calculated a i (at each ionic strength for S w = 1) using equations (13a) and (13b) with estimates of k SWI i from the saturated experiments and then used equation (13a) again with the a i values, an adjusted value of h (i.e., h(S w = 0.355)), and S w set to 0.355 to recompute k SWI i for the unsaturated experiments (i.e., k SWI i (S w = 0.355)). Filtration theory can be employed to calculate h for water-saturated conditions (see equation (13b)); however, an equivalent theory does not exist for unsaturated media. Consequently, we treated h(S w = 0.355) as a fitting parameter. We determined h(S w = 0.355), together with the parameters for straining and air-water interface capture (k STR , k AWI , and l AWI ) by least squares analysis of the breakthrough curves on colloid transport through the unsaturated sand. The breakthrough data from all six unsaturated experiments were used simultaneously in the model inversion by letting k AWI and l AWI vary between ionic strength treatments, while holding h and k STR constant across all six treatments. This approach places tight constraints on h and k STR and is consistent with our assumption that h and k STR vary with saturation-dependent changes in air-water configuration, but are independent of ionicstrength changes.
[30] The least squares parameter estimation was performed on breakthrough curves averaged from duplicate experiments. Experimental reproducibility was excellent for the conditions tested (see Figures 6c and 6d) , such that parameters estimated by fitting an average breakthrough curve did not differ from parameters estimated by fitting a single replicate by more than 9% for any experimental treatment.
Results

Water Retention and Interfacial Area Calculations
[31] The water-retention curves measured at each of the three locations along the column were nearly identical; we report the curve measured in the middle of the column, 16.4 cm from the top (Figure 4a ). Solutions of equation (5) match the observed water-retention curve well, although there is some deviation between modeled and measured results at the onset of drainage (air-entry) and at low water saturations (Figure 4a ). The best fit estimates of mean pore length (m), standard deviation in pore length (s), and airentry pressure (Ψ ae ) are 1.73 Â 10 À2 cm, 1.55 Â 10 À3 cm, and À16 cm, respectively. The small value of s in relation to m is indicative of a narrow pore-size distribution (Figure 4b ), which is expected for the sieved sand used in this study. Model calculations made with the best fit parameter values reveal that 78.7% of the pore water at S w = 0.355 (the target saturation of our experiments) is associated with water-filled pores, while 21.2% of the pore water occupies the corner-water ducts of unsaturated pores and less than 0.1% resides in adsorbed-water films.
[32] Computations of the total air-water interfacial surface area (A lvT ) increase nonlinearly with decreasing Ψ and corresponding decreases in S w (Figure 4c ). For near-zero S w , where the water exists exclusively as thin films surrounding the mineral grains, A lvT approaches its maximum value, equal to the sand-grain surface area per unit void volume (SA/n = 405 cm
À1
). The air-water interfacial area associated with pore-corner menisci (A lv2 ) is less than that associated with thin films (A lv1 ). At S w = 0.355, the colloid-accessible interfacial area (A lv2 = f air ) equals 86.8 cm À1 , or 39% of A lvT . Compared to f air , the colloid-accessible solid-water interfacial area ( f sand ) exhibits greater sensitivity to changes in S w (Figure 4c ). Calculations made with equation (8) show that a decrease in S w from unity to our target saturation of 0.355 promotes nearly a 1.5-fold reduction in f sand , from 405 cm À1 to 270 cm À1 .
Colloid Transport Through Water-Saturated Sand
[33] Colloid transport at the three lowest ionic strengths tested (2 Â 10 À4 , 0.001, and 0.01 M) is virtually identical to bromide transport and can be modeled accurately assuming zero colloid deposition rates (Figure 5a ). Colloid deposition affects the shapes of the breakthrough curves for the three highest ionic-strength treatments, with peak breakthrough concentrations declining as the pore water ionic strength increases from 0.04 M to 0.2 M (Figures 5b-5d) . A single second-order rate law, expressed by equations (12a) and (12b), quantifies colloid breakthrough at 0.04 M and 0.1 M (Figures 5b and 5c ). This second-order formulation is incapable of simulating colloid deposition and release at the highest ionic strength (Figure 5d , solid line), suggesting a shift in deposition mechanisms as the ionic strength increases from 0.1 to 0.2 M. We do not believe that this shift reflects a transition to favorable colloid-colloid interactions, as particle-size analysis (by photon correlation spectroscopy) demonstrates that silica colloids resist flocculation and maintain a stable diameter at an ionic strength of 0.2 M. We hypothesize that the ionic-strength increase from 0.1 to 0.2 M induces favorable colloid-sand interactions on a fraction of the sand in which conditions for colloid attachment were unfavorable at the lower ionic strengths tested. Application of the two-site deposition formulation (i.e., equations (12a) -(12d)), which accounts for second-order, reversible deposition at type-1 sites and first-order, irreversible deposition at type-2 sites, resolves the discrepancies between modeled and experimental results (Figure 5d , dashed line).
Colloid Transport in Unsaturated Sand
[34] Calculations of the model for coupled transport and colloid mass transfer match the measured breakthrough curves closely (Figures 6a -6f) . Values of R 2 exceed 0.98 for the six experimental treatments ( Table 2 ), suggesting that our approach for estimating the parameters for colloidsand interaction kinetics is appropriate and that the forms of the equations for film straining and air-water interface capture are suitable for mimicking the role of the air phase in colloid mass transfer.
[35] According to equations (10) - (11b), the parameter k STR quantifies the kinetics of colloid straining, while the parameters k AWI and l AWI control the kinetics of colloid (Table 2) . With the exception of the 0.2-M treatment, the best fit estimates of k AWI exceed those of k SWI 1 , the rate coefficient for reaction at the type-1 sites of the solid-water interface (Table 2) . Like k AWI , the parameter l AWI is sensitive to changes in pore water chemistry. As the pore water ionic strength increases from 2 Â 10 À4 M, l AWI declines sharply from its maximum value of 968, before approaching an asymptotic value of $38 (Table 2) .
[36] Model calculations made with the optimal parameter values demonstrate that less than 6% of the 360-mg colloid injection was immobilized in experiments at 2 Â 10 À4 M and 0.001 M, where straining and air-water interface capture represented the principal mechanisms of colloid retention (Figure 7) . Air-water interface capture accounted for the largest fraction of immobilized colloids at the intermediate ionic strengths of 0.01 M, 0.04 M, and 0.1 M, though the Figure 5d was computed with a two-site deposition model. A pore volume is defined as vt/l = (q/[S w n])t/l, where q is the specific discharge (cm min
À1
) and l is the column length (cm). relative contribution of mineral-grain attachment to colloid removal increased significantly (Figure 7) . At the highest ionic strength tested, mineral-grain attachment replaced airwater interface capture as the dominant removal mechanism with the sand sequestering nearly 60% of the total immobile-colloid fraction (Figure 7 ). Although k STR is independent of ionic strength and k AWI is greater at 0.2 M than at 0.1 M, the masses of colloids strained and held at air-water interfaces was lower at 0.2 M than at 0.1 M. This behavior indicates that owing to the comparative rapidity of the reaction, mineral-grain attachment outcompeted straining and air-water interface capture for a finite supply of pore water colloids in the experiments at 0.2 M.
Discussion
[37] Comparison of experimental and modeled results suggests that in addition to advection and dispersion, straining, air-water interface capture, and mineral-grain attachment combine to influence the transport of silica colloids through the unsaturated sand columns. Owing to differences in ionic-strength response, the relative contributions of the mass transfer mechanisms to colloid immobilization evolve over the range of conditions tested, with the leading removal mechanism transitioning from straining, to air-water interface capture, and finally, to mineral-grain attachment as the ionic strength increases from 2 Â 10 À4 M to 0.2 M.
[38] Although the principal immobilization mechanism at 2 Â 10 À4 M and 0.001 M, straining retained less than 4% of the colloid mass applied to the columns. We believe that strained colloids were trapped in the narrow wedges near the three-phase contact of pore-corner menisci and, perhaps, at the termini of discontinuous corner-water ducts. The low straining rates (k STR = 4.25 Â 10 À4 min
À1
) suggest that the silica colloids did not access the adsorbed water films, where they would be highly susceptible to immobilization. The best fit estimate of k STR is 5 times less than the k STR value reported by Lenhart and Saiers [2002] for silicacolloid transport in experiments conducted at the same S w and with the same sand-size fraction as this study. Given that the silica colloids used by Lenhart and Saiers [2002] were 80 nm greater in diameter than those used here, this between-study comparison supports the published contention that k STR varies directly with colloid size [Wan and Tokunaga, 1997] .
[39] In light of the minor role played by straining in the experiments, we infer that colloids are transported through water-saturated pore spaces and through corner-water ducts characterized by a generally high degree of connectivity and with dimensions that substantially exceed those of the silica colloids. We calculated the dimensions of the corner-water ducts in terms of the maximum radius of a passable colloid (a* c ), which we assume is the radius of a spherical colloid that forms an inscribed circle within the corner-water duct. For a pore with a triangular shape, a* c depends on Ψ according to
where r (Ψ), the air-water interface radius of curvature, can be calculated from equation (2). Equation (14) applies only to partially saturated pores, that is, for conditions in which Ψ Ψ 1 , where Ψ 1 (the capillary-pressure head for pore snap-off) depends on pore length (L) according to equation (1). Once snap-off occurs, a* c varies linearly with r(Ψ), but Figure 7. Mass of colloids retained by straining, captured at the air-water interface (AWI), and deposited on the type-1 (second-order kinetics) and type-2 (first-order kinetics) sites of the solid-water interface (SWI) during the unsaturated column experiments.
is independent of L for pores with the same shape. In our experiments, Ψ = À28.5 cm and the corresponding value of a* c is 8850 nm, or about 63 times the radius of our silica colloids. The relationship between a* c and S w is markedly nonlinear at high and low water saturations; however, a* c varies in a linear fashion as S w increases from 0.2 to 0.8, with a 0.1-unit change in S w promoting a 275-nm change in a* c (Figure 8 ). These calculations suggest that our experimental conditions fall inside a broad range of S w for which the corner-water ducts present no physical impediment to the transmission of submicron colloids. While cornerwater ducts composed only 21.2% of the pore water in our experiments at S w = 0.355, the relative importance of corner-water ducts to the transmission of colloids will increase as S w and the fraction of water-filled pores declines.
[40] Rate-limited reactions at air-water and solid-water interfaces can immobilize colloids traveling through corner-water ducts. The rate coefficient k AWI is a measure of the affinity of the colloids for the air-water interface under clean-interface conditions, that is, when the fraction of the interface occupied by attached colloids (À AWI ) is near zero. Lenhart and Saiers [2002] reported that k AWI varies with the one-third power of the pore water velocity. Results of this work illustrate that k AWI is also sensitive to changes in ionic strength, increasing linearly with the ionic strength of a monovalent electrolyte solution. This relationship reflects the influences of ionic strength on electrostatic interactions between the colloids and the air-water interface. Though the accuracy of published zeta-potential measurements of air-water interfaces has been questioned [Graciaa et al., 1995] , results of these measurements consistently yield negative values, even at elevated ionic strengths [Li and Somasundaran, 1991] . Because the silica colloids also possess a net negative zeta potential (Table 1) , a repulsive energy barrier arises upon close approach of the silica colloids to the air-water interface [Elimelech, 1994] . Increases in ionic strength reduce the magnitude of this energy barrier, leading to progressively more favorable conditions for colloid attachment and faster rates of airwater interface capture.
[41] While k AWI controls the kinetics of clean-interface colloid capture, l AWI governs how the kinetics change as colloids accumulate at the air-water interface. The reciprocal of l AWI defines the maximum attainable colloid coverage at the air-water interface. Calculations of l AWI À1 reveal that the silica colloids were capable of occupying as little as 0.1% of the colloid-accessible air-water interface (i.e., f air ), when intercolloid repulsive forces were strong at low ionic strength, to almost 3% of the accessible air-water interface, when intercolloid repulsive forces were comparatively weak at elevated ionic strengths. Published values of l AWI À1 for hydrophilic mineral colloids are unavailable; however, Abdel-Fattah and El-Genk [1998] measured maximum airwater interface coverages for hydrophobic microspheres that are comparable in magnitude to those reported here, ranging from 1.2% to 8% for ionic strengths between 0.001 M and 1 M. The magnitude of l AWI À1 depends on hydrodynamic forces, in addition to intercolloid (electrical double-layer) forces [Ko and Elimelech, 2000] . Because the hydrodynamic forces vary with position along the air-water interface, colloid surface coverages in our experiments were undoubtedly nonuniform. That is, some areas of the air-water interface were probably devoid of colloids (even at maximum surface coverages), while other areas were likely characterized by dense colloid packing. The variable l AWI
, then, represents a spatial average over the entire air-water interface.
[42] Changes in water saturation (S w ) affect the magnitude of the colloid-accessible interfacial areas (i.e., f air and f sand ), which, in turn, influence colloid mass transfer kinetics and the capacity of the porous medium to retain colloids. The best fit values of the excluded-area parameters (Table 2) can be used with the model predictions of f air and f sand (Figure 4c ) to infer relationships between S w and the total colloid-retention capacity of the porous medium ( total ):
where air and sand are the colloid masses (per unit void volume) immobilized at the air-water interface and solidwater interface, respectively. À* SWI specifies the colloid mass (per sand surface area) retained on type-2 sites (firstorder kinetics) of the sand at the termination of a watersaturated column experiment. The type-2 sites were active (and hence À* SWI assumes a nonzero value) only at an ionic strength of 0.2 M (see section 4.2). We neglect the influence of straining and restrict calculations of total to S w > 0.3, where our results show that colloid removal by straining is small.
[43] We computed the total -S w relationships for the ionic strengths of 0.01 M, 0.1 M, and 0.2 M. Colloid immobilization is controlled solely by the air phase at 0.01 M (l SWI 1
= À* SWI = 0); therefore total increases as f air increases with diminishing S w (Figures 4c and 9a) . The sand binds measurable quantities of colloids at an ionic strength of 0.1 M, but comparison of l SWI 1
and l AWI
demonstrates that 1 cm 2 of air-water interface can bind 2 times more colloids than an equal area of solid-water interface (Table 2) . Though the colloids exhibit a greater Figure 8 . Effect of S w on the maximum radius of a passable colloid (a* c ).
affinity for the air-water relative to solid-water interfaces at 0.1 M, f sand (which declines as the porous medium dries) is considerably more sensitive to changes in S w than f air (Figure 4c) , such that the increase in air associated with porous-medium drainage is nearly countered by opposite changes in sand (Figure 9b ). Consequently, total varies only weakly between S w = 1 and S w = 0.3. At 0.2 M, where the colloid reactivity of the sand exceeds that of the airwater interfaces, decreases in S w promote a decline in total (Figure 9c ). This trend opposes that observed at 0.01 and 0.1 M and arises from the relatively sharp decline in f sand (and corresponding decline in sand ) with decreasing S w . When taken together, these calculations reveal that interactions between ionic strength and water saturation produce complex effects on colloid mass transfer. Under some conditions, a transition from water-saturated to unsaturated media may diminish the capacity of the porous medium to remove colloids from the pore water. This result, though yet to be verified by experimental measurements, is counter to the common, yet incompletely scrutinized, perception that the presence of the air phase impedes colloid transport.
[44] Our work suggests an approach that links a model for colloid mass-transfer with a model for liquid-vapor configuration is requisite to simulating the combined influences of pore water chemistry and water saturation on colloid transport. We find that relatively simple rate laws are capable of describing the kinetics of straining, air-water interface capture, and mineral-grain attachment in our experiments, and that the parameters governing these processes are constant or vary in a discernible fashion with ionic strength. The liquid-vapor configuration model employed in this work is similarly simple and hence only approximates the characteristics of water and vapor occurrence in our experimental system. Nevertheless, the model accommodates dual-phase occupancy of pores, which is a critical improvement over traditional capillary-bundle models because it permits a more realistic conceptualization of colloid-transport pathways and mechanisms for colloid mass transfer. Our efforts to interpret data on colloid transport and mass transfer in light of modern formalisms for liquid-vapor interfacial phenomena represent an important step in advancing current understanding of colloid movement in the vadose zone. Continued inroads into this problem will rely on refining theory by evaluating models against experimental observations that extend the range of physicochemical conditions beyond those explored in this work.
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